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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE

CALCULATION OF AERODYNAMIC FORCES ON A

PROPELLER IN PITCH OR YAW!

By John L. Criglér and Jean Gilman, Jr.
SUMMARY

An analysis has been made to determine the applicability of existing
propeller theory and the theory of oscillating airfoils to the problem
of determining the magnitude of the forces on propellers in pitch or yaw.
Strip calculations including the Goldstein correction factors and using
compressible airfoil characteristics were first made as though steady-
state conditions existed successively at several blade positions of the
propeller blades during one revolution. A theory of oscillating air-
foils in pulsating incompressible linearized potential flow was then con-
sidered from which it was possible to determine factors which would mod-
ify the forces as calculated under the assumption of steady-state com-
pressible flow. -

Comparisons of the steady-state calculations with experimental
results show that the magnitude of the force changes experienced by the
blades can be predicted with satisfactory accuracy. Results of calcula-
tions made by the oscillating theory indicate that the actual forces on
the blade may be somewhat lower than the values calculated by the steady-
state method. It was not possible to establish this conclusion defi-
nitely because of the lack of sufficient experimental data for comparison.

The turning moment on the shaft of a two-blade propeller fluctuates
between approximately zerc and its maximum value twice per revolution.
For the operating condition investigated the turning moment on the shaft
of a three-blade propeller remains nearly constant at about 75 percent
of the maximum value attained with the two-blade propeller.

TNTRODUCTION

Large-diameter propellers incorporating thin blade sections are
becoming a necessity for certain aircraft installations using large unit

lSupersedes the recently declassified NACA RM L8K26, "Calculation of
Aerodynamic Forces on a Propeller in Pitch or Yaw" by John L. Crigler and
Jean Gilman, Jr., 1949.
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power plants at high altitude and high speed. On such propeller instal-
lations, the oscillating air forces due to yaw or pitch of the propeller
axis may cause dangerous vibratory stresses with a frequency of once per
revolution. The airfoil blade section experiences oscillating air forces
that vary with the position of the blade around the periphery. These air
forces on the propeller blade section in flight must be related to the
proper Mach number, advance ratio, blade-section lift coefficient, inclina-
tion of the propeller shaft axis to its forward motion, and the wave
length of the oscillation. A knowledge of the air forces on the blade
section as a function of the propeller operating conditions is needed in
a study of the problem. No exiéting theory completely describes the
operating condition of a pitched or yawed propeller.

In this paper the air forces on the propeller blades are calculated
first under the assumption that the existing propeller theory may be used
in conjunction with the instantaneous angles of attack and resultant
velocities along the blades of the pitched propeller at successive blade
positions around the periphery. This method, herein termed the "steady-
state" method, permits the use of the usual steady-state compressible
airfoil characteristics with the Goldstein correction factors for a finite
number of blades. Then several aspects of the nature of the forces
developed by an oscillating airfoil are considered. Expressions based
on linearized theory for calculating the air forces on a two-dimensional
thin flat-plate airfoil oscillating in angle of attack in a steady stream
in a nonviscous incompressible fluid were developed in reference 1. Some
modifications to this theory were presented in reference 2 to permit cal-
culations when the stream velocity as well as the angle of attack varied
with time. The expressions of reference 2 are used to estimate the changes
of the airfoil characteristics in a compressible oscillating flow field.

Very little experimental data with which to compare the results of
these calculations are available. The steady-state compressible charac-
teristics are computed for the propeller tested in reference 3, however,
and are compared with the experimental data given therein. The calcu-
lations are made for two-blade and three-blade single-rotating propellers
and satisfactory agreement with the available experimental data is
obtained.

SYMBOLS
a distance to center of rotation from midchord of airfoil,
feet (fig. 2)
B number of blades

c chord, feet .
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cgq profile drag coefficient
cy two-dimensional 1lift coefficient

c(k) = F + i¢ C function (reference 1)

Crp thrust coefficient T
pngDu

& element thrust coefficient <dT/ dx

dx pneDu

dT, [dx

<?g%> instantaneous element thrust coefficient ——QE[—— {
D propeller diameter, feet

h verticdl deflection (flapping) of airfoil, feet (fig. 2)
J advance ratio (V/nD)

Jdmo local advance ratio, steady part (I cos aq>

. X COS Qrp
Jwt instantaneous local advance ratio

if.+ sin aTsin wt

kwdm, kd?, ky parameter used in determining the function F + iG

<k = £¥%>
2Wo

Blgg * Fop = 55 = K

L : lift, pounds

Le lift coefficient of oscillating airfoil L S
W

om ' Jturning moment, foot-pounds
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moment coefficient a >
pVeD3

Mach number

propeller rotational speed, revolutions per second
radius to blade section, feet

tip radius

time, seconds

thrust, pounds

instantaneous thrust, pounds

forward velocity of airplane, feet per second

geometric resultant velocity, steady part, feet per
second (fig. 1)

instantaneous geometric resultant velocity, feet per
second

fractional radius to propeller blade section (%)

radius ratio at spinner juncture

angle of attack, degrees

angle of inflow, degrees

amplitude in oscillation of angle of attack, radians or
degrees (fig. 1)

instantaneous incremental angle of attack of blade sec-
tion, radians or degrees

angle of inclination of propeller thrust axis, degrees
(fig. 1)

blade-angle setting at 0.75 radius, degrees

-,
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2
Y = tan~1 —i
. Cy
' s . ' . w.‘m"max
€ fractional amplitude of stream pulsation \—= -
o]
K ‘ Goldstein correction factor for finite number of blades
o) ' mass density of air, slugs per cubic foot
o section solidity EEL
2nr
¢o local geometrlc helix angle, steady part, degrees
<tan'l — cos qT>
¢m¢ ‘ instantaneous geometric helix angle, degrees
COS aup
tan-1
= . .
37 + 8in apsin wt
¢ . aerodynamic helix>angle,ndegrees (equation (4))
w angular veloc1ty of propeller, radians per second

(2m)

A dot over a quantity denotes the first derivative of the quantity
with respect to time; two dots, the second derivative with respect to
time.

FORCES ON AN INCLINED PROPELLER

The Velocity Diagram

Figure 1(a) shows a side view of a propeller disk, the thrust axis
of which is inclined at an angle ap to the forward velocity V. This

forward velocity V 1is shown resolved into a component V cos O, per-

pendicular to the plane of rotation and a component V sin aT

to the plane of rotation. Figure l(b), a view perpendicular to the plane
of rotation along the thrust axis, shows the velocity component V gin S,

parallel
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at a gection of a propeller blade which is located at a position wt on
the propeller disk. In this paper the time variable wt, which defines
the position of the blade, is considered to be zero when the blade is
initially vertical upward with the propeller axis in positive pitch and
is measured in the direction of rotation (these axes may be rotated to
comply with propeller attitudes other than pitch). With this convention
the vector V sin %p  may be resolved into a component V sin aTsin wt

in the direction of the tangential velocity wr and a component
V gin aTcos wt in a radial direction along the blade. In the treatment

that follows, the radial component of the flow (V sin agcos a)t) is assumed

to have a negligible effect on the airfoil characteristics. With this
assunption, the effect of the periodic change in the rotational velocity
Qme + V s8in aTain.aﬁ) and the component velocity V cos %n on the

propeller characteristics remain to be determined.

The vector diagram for a section of an inclined propeller is shown
in figure 1(c). In this figure the induced effects are not included.
It should be realized, however, that the aerodynamic helix angles will
be somewhat different from the geometric helix angles shown. From fig-
ure 1(c) the geometric helix angle for any position of the propeller
blade is given by

V cos
B, = tan~1 T
wt : .
mDx + V sin aT31n wt
or
_1 cos C(T
Pt = tan — (1)

j;'+ sin aTs1n wt

The resultant velocity is given by

- 2 2 . . 2
Wy = \/V cos“ay, + (nan + V sin a sin wt) (2)
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From the relationship in equation (l), the local advance ratio is given
by k

X Ccos - N
It = S (3)

X . .
— + 8in o _sin wt
J T

From equation (3), the local advance ratio is seen to vary depending on
the position of the blade.

Method of Analysis

In calculating the forces on an inclined propeller it must be real-
ized that not only do the blade sections operate in a variable flow field
but that the flow is a compressible one with the possibility of high
gsection Mach numbers along the propeller blades. The method of refer-
ence 2 for .dealing with the oscillating effects applies to incompressible
flow where the slope of the 1ift curve is approximately 2n, while in
the compressible case, the slope may be considerably higher. Since the
wave length in oscillating flow is usually several blade chords (10 or
more), it appears logical as a first approximation to consider the oscil-

~lating effects to be negligible as compared with the change of slope of

the 1ift curve with change in Mach number. Also, the Goldstein correction -
factors for a finite number of blades have been found to apply reason-
ably well when applied to the calculation of forces on nonoptimum pro-
pellers (reference 4). Therefore, it appears reasonable to extend their
use to the present case. ‘

Steady state.- In steady-state calculations of the forces and
moments on the blade of a pitched propeller, a change in time (blade
position) is treated gimply as a change in the operating V/nD of the
propeller in accordance with equation (3). The complete propeller is
assumed to operate successively at different blade positions under the
instantaneous conditions at each particular position. The thrust per
blade at each position is determined from

T on2pt [1-94c
ot p_nD_f <__T_ ax (L)
B B X dx wt »
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where

C -
CZ;D = kn3x3 5$13 cot # tan 14 < + i% sin agsin a%>2 (5)
ot ¢ +
< 57 3

Equation (5), except for the factor <; + i% sin apsin w€>2, is

from reference 4. The gquantities ¢ and a; are determined by the

same method as in reference 4t by using the quantity Jy (equation (3))

’

in place of J. The additional factor \3 + <L sin aTsin w{>2 in equa-

X
| dCrp
tion (5) is needed to put the element thrust gradient e in terms of

anDu rather than in terms of the apparently varying n in Jgyu

(equation (3)). . .

The turning moment (yawing moment of a pitched propeller on the #
propeller shaft) is the difference in bending moments from the highly
loaded side to the lightly loaded side of the inclined propeller. For
the steady-force calculations this bending moment reaches a maximum on
the two-blade propeller when the blades are in the horizontal plane. The
maximum turning moment from the steady-flow calculations is found by
graphically integrating

xRon2pH ‘:< > <dCT>27O (6)

from the spinner surface to fhe propeller tip.

“Oscillating flow.- The expression for the total 1ift of an infinitely
thin airfoil of infinite aspect ratio oscillating in an incompressible
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pulsating stream (see fig. 2) is glven by equatlon (12) of reference 2
(with suitable changes in notation) as

L= -m _Cf_[h + W G {‘Jwt(on + Gp) - a %G‘PJ -

27PW 15{ oa + €W ouCé{w t>
[%(% - a>u.P + woaP:lC<ka.P) + KC (k) *
g+ ) o

‘l'“ where

Wyt - Wy = Woeel0t
h = hbeimt
op ='ot,Poeimt

c(k) = F + iG "~ (see reference 1)

In the”preceding expressions; € denotes the fractional amplitude of
the perturbation part of the stream pulsations, h, the amplitude of

the vertical displacement (flapping), and. apo ‘the amplitude of the incre-
mental angle of attack due to the rotation of the airfoil about the »
point a. The equations defining the quantities (W, -- Wé),'h, and ap

describe these quantities as pure sinusoidal variations; it thus becomes
necessary to ascertain the applicability of these deflnltlons to the
1ncllned propeller case.
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Figure 1 shows that the maximum increment in the geometric angle
of attack occurs at the quantity sin wt = 1 (wt = 90°) and at
sin wt = -1 (wt = 270°). The amplitude ap, of the geometric angle

of attack at wt = 90° ig

1 cos Qp
x + s8in
; %

B - Poo = tan™t i% cos oy, - tan”

and the amplitude at wt = 270° 1is

These values have been calculated for several values of JL with the
@

angle as parameter, and the results are shown plotted in figure 3.
G ’

In figure L4 are shown results of similar calculations made to determine

the value of € at wt = 90° and wt = 270°., Figures 3 and 4 show that

in the propeller case the deviation from sinusoidal variations in the
resultant velocity and angle of attack is small at thrust-axis angles

less than about &° and values of i& less than approximately 2.

The flapping motion h is a function of the blade stiffness and
will not be considered here. Calculations show that the effect of this
motion on the maximum force is in general small but that the lag in the

position of the maximum force may become large depending on the frequency

of the oscillations.

When the h terms are dropped, equation (7) reduces to
ce . > c
L=-mw T[thap + Wy (o + O‘P)] - 2ol ‘g{woOL + (W, - Wo)“CQ*w t) +
w

<ﬁ- dp + WoaP>C(kaP) + (th - o) aupC éwwt + kap>] (8)
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.For the type of motion being considered it will be convenient to
assign the following values to the parameters appearing in equa-
tion (8):

it

ap —iaPoe

ay

€ = —— = 1
wO
c(k) = F + iG

In the preceding expressions the parameter ap - is taken as the
o

amplitude of the aerodynamic angle of attack as estimated by steady-
state calculations in potential flow. The function C(k) is a complex
function of the parameter k (reference 1) and is given by

c(k) = F(k) + iG(k)

where F and G are obtained from standard Bessel functions of the
first and second kinds with argument k. The variation of the functions
F and G with the parameter l/k is given in figure 4 and table II
of reference 1. In the present case the functions F and G are eval-
uated as in reference 2 for k's defined as follows:

'cwwwt
Ky t oW

w

0
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C(,Q-LP
Fop =2,

Ji< + =
Wop, © Hup 2W,
For the case being considered it is assumed that @y = (DG'P = w; there-
wt

fore, ly =l =k and Ky . * Ky, = Ky = 2k, Accordingly, the

functions C<kw ) and C(kaé> are equal and are denoted by C(k) = F + iG
+ .

@ y
while the function C + is denoted b F, + iG4.
(kwwt ka}-> y P 1

It should be noted that some of the real terms in equation (8) are
not multiplied by the C(k) functions. These real terms can be inter-
preted as giving the total force on the airfoil and the imaginary terms,
the force due to perturbation velocities only.

When the real part of equation (8) is taken, the resulting total
force coefficient is given by '

ch L =“+Fl+ea9——EG+e—c' 8in wt +
prE P, P 2 ap

5 O, o}
T ¢
P e}

eﬁ;(l + E>+ G<1 + € _OL_> + Gl:lsin 2 wt - egFlsin 3wt +
2 G'P
o
51+F+ei +Gl+e—g'— cos wt -
C OLPo OLPo

eF‘(l + € &E“> - 12‘-(} + Fl:l cos 2wt - €°Gycos 3wt (9)

Po
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The lift-force coefficient L. for propeller-blade computations

applies to only one blade element. If the curves from all blades are
plotted and integrated and the ordinates summed, the curves thus obtained
may be used to determine the turning moment on the propeller shaft as a
function of time. The turning moment on the shaft (yawing moment for

" pitched propeller) for any position is found by plotting the 1lift force
at each blade element times its moment arm and integrating graphically.

CALCULATION OF FORCES AND DISCUSSION OF RESULTS

Steady state.- The calculations were made for a 4-foot-diameter
propeller having an NACA 4-(3.9)(07)-0345-B blade design of NACA 16-series
sections. A description of the propeller and blade-form curves is given
in reference 3. The calculations made, assuming steady flow, were for a

two-blade propeller for blade angles of 26° and 53° measured at the 0.75
radius, for a free-stream Mach number of 0.30, and for the propeller

thrust axis inclined at an angle of 4°, For each operating condition of
the propeller there is a variation of Mach number along the blade which
must be taken into account. The airfoil data used were taken from refer-
ence 5 but, since the highest Mach number covered in the report was 0.7,
extrapolation of the airfoil data to Mach numbers as high as 0.9 was
necessary. The 1lift characteristics for a Mach number of 0.6 were used
to extrapolate to higher Mach numbers. The extrapolation was made by .
holding the angle of zero lift obtained at M = 0.6 constant and
changing the slope of the 1ift curve by the Prandtl-Glauert relationship

(@ s B

da da
M=0.6 1. M2

Figure 5 giVes a comparison of the variation of the calculated and
the wake-survey thrust coefficients with respect to the blade position

wt at J = 1.2 for a blade-angle setting of 26° and a thrust-axis
angle ay of uor Figure 6 gives a similar comparison at J = 2.8,
B = 539, and O = 49, and figure 7 at J = 3.1 for B = 53° and
Gy = 40, The maximum and minimum calculated instantaneous thrust coef-

ficients differ slightly from the measured values in all cases. There
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is also a rather large phase difference in the position of the maximum
calculated and measured thrust coefficient at the value J = 1.2. The
position of the survey rake for the experimental data of reference 3
was changed to get each individual point rather than making simultane-
ous measurements of a number of points for each particular operating
condition.

At the same time that the experimental rake survey data were taken
force-test thrust coefficients were measured. A study of these data
revealed that the force-test thrust coefficients Cp at the operating

V/nD of 1.2 for the 26° blade-angle setting varied from CT = 0,0125
to Cp = 0.0170 depending on the position of the survey rake. The
force-test thrust coefficient for the condition of V/nD of 2.8 and

the blade-angle setting of 53° varied from 0.0725 to 0.0800. This change
in thrust coefficient with rake position suggests that there is a
blocking effect which changes with rake position. This blocking effec-
tively changes the velocity in the plane of the propeller and thus the
operating V/nD of the propeller. Therefore comparisons made at the
same V/nD with theoretical calculations based on free-air conditions
would not be expected to be in exact agreement. With this consideration
in mind the agreement between experiment and theory is good.

The shift in the position of the maximum force between the experi-
mental and calculated data noted particularly in figure 5 is due to
gseveral factors. First, the survey rake for the experimental data was
18 inches (0.375 propeller diameter) behind the center line of the pro-
peller. Calculations showed that, in this distance, the twist of the

propeller slipstream accounted for approximately 12° shift of the maximum

force for the operating condition of g% = 1.2 and B = 26° but was

v ,
negligible for the operating condition of — = 3.1 and B = 53°.
n

Second, the unsteady flow on the blade sections causes a lag in the

forces (about 5°) which means that the maximum force does not occur on
the horizontal as would be indicated from steady-flow calculations. This
lag in the position of the maximum force is a function of the frequency
of the oscillation and decreases with the propeller rotational speed,
which means that it would decrease as the V/nD is increased for con-
stant forward speed. Third, the inclusion of the flapping of the blade
section in the calculations causes an additional lag in the position of

the maximum force (about 16°).

Figure 8 shows calculated differential thrust-coefficient curves of
a two-blade propeller for three blade positions for the 26° blade-angle
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setting operating at a V/nD of 1.2 and with the thrust axis inclined
4° to the air stream. The experimental curves for two positions for a’

30° lag in phase angle are shown for comparison. The calculated distri-
bution of thrust coefficient with radius is in good agreement with the
experimental distribution. '

Forces computed by oscillating-airfoil theory.- Figures 9 to 12
show the results of some of the calculations made for an oscillating air-
foil in a pulsating flow field in incompressible flow. The results for
all the curves in these figures apply to any particular blade section.
The total force on the propeller blade for any blade position is found
by summing up. the forces along the blade. _ '

The variation of L. with wt is shown in figure 9 at ¢ = 0.10

for several values of k with the steady part of the angle of attack o
equal to zero. In any particular case, the quantity k is fixed by the
operating conditions of the propeller and by the blade chord. Inter-
preted physically, the quantity l/k is a measure of the wave length
between successive waves in the vortex wake in terms of the half-chord;

in the steady-state calculations this wave length is arbitrarily assumed
to be very large with respect to the chord. Thus, in figure 9 the curve of
L. against wt at k = O shows the results obtained for assumed steady-
state conditions in potential flow. The curves in figure 9 for other
values of k show that the effect of the oscillations is to modify the
forces as obtalned from the assumption of steady-state conditions. Pre-
sumably, a similar effect would occur in & compressible flow.

The asymmetry of the curves for L. 1in figure 9 is caused prima-

rily by the variation in the dynamic preséure %pwamQ during the cycle.

This asymmetry may be also- seen in figure 10, which shows the. variation

at k =0.10 of L. with wt with € as parameter for several values
of a/aP - The curves for € = O are the most nearly symmetrical; this
o}

condition corresponds to Theodorsen's case of an airfoil oscillating in
a steady flow (reference 1). . It can be seen from figure 10 that the

amplitude of the 1lift variation tends to increase as € increases and
also that this amplitude increase is further accentuated by increasing

the initial load at wt = 0O (a/a? increasing). Figure 11 shows the
o
variation of the force coefficients for wt = 90° and for wt = 270°

for several values of ¢ for -% = 0. In the same figure are values
R :
of (LC9O - LCE"(Q which are a measure of the maximum bending moment on
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the shaft axis of a two-blade propeller (divided by 2 for convenience of
plotting). The absolute magnitude of the maximum force coefficients
varies greatly as the value of € 1s increased, but the variation of
- the difference in the forces from the heavily loaded side to the lightly
loaded side which gives the bending moment is small.

Figure 12 shows the variation of L. at 90° and 270° with k at

several values of a/aP with € = 0., In this special case it is seen
0

that the magnitude of the loading increases as a/aP is increased but
, 0
L - L
€90 €270
2

loading on the blade section. This independence does not hold in a
pulsating flow field as may be seen in figure 13, which shows the vari-

L - L
€90 €270

2

that the bending load factor is independent of initial

with k at several

ation of the bending load factor

a
values of ¢ —.
apo

Figure 14 shows the variation in the turning-moment coefficient '
on the inclined propeller shaft (yawing moment for pitched propeller) of .
the NACA 4-(3.9)(07)-0345-B propeller. These coefficients were calculated
by the oscillating-flow theory and are considerably lower than the moments
calculated by assuming steady-state conditions at each phase angle and - v
. using compressible airfoil characteristics. The curves are only useful
in showing the variation of the moments with the time variable wt and
not the absolute magnitude. The variation of the turning-moment coef-
ficient with time for a two-blade propeller operating at a V/nD of 1.2,

O = 49, and B = 26° is shown by the solid curve and for a three-blade

propeller by the dashed curve. It is seen that the moment coefficient
for a two-blade propeller varies from approximately zero when the blades
are in the vertical position to a maximum of 0.0021 when the blades are
approximately on the horizontal (twice per revolution). For the same
operating condition for the three-blade propeller the moment coefficient
remains very nearly. constant at approximately 0.0016 (varying between
0.0015 and 0.0017).

Combined steady and oscillating forces.- From the standpoint of
theory a combination of the steady-state and the oscillating-airfoil
theories approaches the actual operating conditions of the pitched or .
yawed propeller. The forces or moments are computed by the steady-state
methods including compressibility and downwash. The oscillating-airfoil
t‘peory is then used to modify these forces. For a two-blade propeller, ‘ *
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the maximum force difference (L9O - L270) at each section as computed
from steady-state calculations with compressible airfoil characteristics

- L at
€90 0270)

the operating values of k to its value at k = O (from fig. 13). From
figure 13 it will be noticed that, properly, the operating value of

would be reduced by a factor which is the ratio of (L

¢ -~ should also be taken into account; within the limits given in the

CLPO |
<LC9O ) LC27Q>k

figure, however, the ratio T
( °%0  °2710)y0

changes only slightly

Q

(oF
PO

with ¢

Figure 15 shows the calculated distribution of the moment coefficient

~along the radius for the two-blade NACA 4-(3.9)(07)-0345-B propeller with

the blades in the horizontal position, with the thrust axis inclined at

4°, with the propeller blade angle set at 26° at the 0.75 radius, and
operating at a V/nD of 1.2. The moment coefficients are computed for
steady-state conditions in compressible flow and for an oscillating air-
foil by the oscillating-airfoil theory. An integration of these curves
gives the total turning moment on the propeller shaft. The correction

for each radius as obtained from figure 13 has been applied to the steady-
state calculations. This correction does not bring the curves into agree-
ment because of the differences in the airfoil characteristics used.

CONCLUSIONS

Methods have been developed to determine the air forces acting on
yawed or pitched propellers. At the present time the lack of extensive
experimental data precludes conclusive verification of the theoretical
considerations presented in this paper, particularly in regard to the

- applicability of the combined steady-state compressible and oscillating

incompressible theory. The comparisons and calculations made, however,
indicated the following conclusions:

1. The steady-state method for calculating the propeller forces
gives satisfactorily accurate results.

2. The results from the oscillating-flow theory indicate that the
actual forces on the blade are somewhat lower than the values calculated
by the steady-state method, particularly at low advance ratios.
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¥
3. The turning moment on the shaft of a two-blade propeller fluctu-
ates between approximately zero and its maximum value twice per revolu- v
tion.
4, For the operating condition investigated the turning moment on
the shaft of the three-blade propeller remains nearly constant at about
75 percent of the maximum value attained with the two-blade propeller.
Langley Aeronautical Laboratory
National Advisory Committee for Aeronautlcs
Langley Field, Va., December 20, 1948
REFERENCES
1. Theodorsen, Theodore: General Theory of Aerodynamic Ingtability and
the Mechanism of Flutter. NACA Rep. 496, 1935.
2. Greenberg, J. Mayo: Airfoil in Sinusoidal Motion in a Pulsating .
Stream. NACA TN 1326, 19k7.
"
3. Pendley, Robert E.: Effect of Propeller-Axis Angle of Attack on
Thrust Distribution over the Propeller Disk in Relation to Wake-
. Survey Measurement of Thrust. NACA ARR L5J02b, 1945. v

L. Crigler, John L.: Comparison of Calculated and Experimental Propeller
Characteristics for Four-, Six-, and Eight-Blade Single-Rotating
Propellers. NACA ACR 4BOL, 194k,

5. Stack, John: Tests of Airfoils Designed to Delay the Compressibility
Burble. NACA Rep. 763, 1943.



‘ NACA TN 2585 _ : ‘ 19

Plane of rotation

V\ Vv v
\ Vsin oC7—
: Vsiﬂocr cosut
\ VS/noCTS/'/?wi‘
| \
@) Thrustr-axis angle.
(b) Rear view, wr=T1nDx
/-VSIhaCT sinwt
A
Wo e
.oc P | Vcosac .
B~ | ¢wt ! /
Blade section / v % I '
LA

mnDx —
k) Velocity vectors.

l:vml?x +Vsinec, Sinwt —= |
| 7 "’l |

Figure l.— Velocity dlagram of inclined propeller.




NACA TN 2585

20

*(c eouexsjex WOIJ) MOTJF £proqsun Ul TFOJI[R JUTLBTILOSO JOJ POSN UOTABIOU JUTMOUS WBIBBTQ —°Z 8Jan3Td




NACA TN 2585 / ’ 21

|2 .
Q . - ¢so 6(
aWets
L ¢ ——e- e ) (deq)
,O, ¢270 Q’ L ‘ /23
e
A r J
/ ]
8 ya //
5 AV |
<8 6 ,/ // /’/// i
/ -
g /| -7 //
7 yZ
\sjo 4 ‘, 4/’tf///
71777
| ‘ /’t i ol I I O =1 e
/ _E
Qs 2 //z/ ;;;// .
/////. // e 2
/, ;/ "]
V4 j
s
(o] 4 B l2 16 2.0

Figure 3.— Variation in amplitude of geometric ang_le of attack.




oo NACA TN 2585 ’

-
] 6 (deq)
e Voo
— -
/ "
J4
/ 2 We !
Z N\ —— — — o ave o —
// \ ‘\ W27o
\
42 I’ : .
[ 1z )
i
J e “ I/, \\ AY \\
x| / N
5 1R
08 | \ \ .
D e N Y
TN .
K I IVSRN
= < 06 S N \
" U ~ | N
w / :
// . -
.04' / /g_\ \\\ \\\
y \‘E_ \\\\
02 / il S et
/ B o
O i 1
O / 2 J 3 4 5 }6
X

Figure 4.— Variation in fractional amplitude of resultant velocity.



23

. n_H‘U
ofl
f2°T°L o929 fe‘d  cuorarsod epETq UITM JUSTOTIIO00 ENIYY SNOSUBIUBLSUT JO UOTBIIBA —°C eIt g
: . " s @ " 0
? 00z 09/ oz/ o 1 ]
o9g _ ozf egz o077 2 2o

~ VIVN ™

10~

@. BIUILDFEL ) JOLUSUIAIINT - = — - - _ |
PELiA o D

P

0

NACA TN 2585



NACA TN 2585

oL

. [
ot “Io
£3°2°P ofG°d f2fgd -uorsrsod oPBIQ UYITA JUOTOTIFOOD 38NIUY SNOSUBJUBLSUT JO UOTIBIIBA —°Q OMBTJ

L -
o9¢g oZE 0Lz onZ ooz 0%/ oz/ o8 ot o

| 1

R

\x\\\l l/l.//

\. \‘VJ.,/ ﬂ%dﬂdﬁﬂﬂﬂkx \ OLAIWIAGTX T —< - ———---

\\ P // L PpILNdwo )

\\ \ // /

//

17

P~ -

[ ] ‘

20’

474

or

c/’




.O:nH-U ]

N eregep £,£6°d fe‘a  -uoraTsod epeTq U3TA JUOTOTIJO0D 98NIY} SNOSUBJUWBISU] JO UOTIBTIBA —-) oanSid

Q
, 7
oL ozg oez ohe ooz 09/ oz/ (o] oy . 0
T T '~
~NIVN . _ N
\\ < . = N . . . Q v
/ \ . N € 22U24243 4) /DfUSUWIAIANT ~- - -~ - - -~
‘ < PRLDSUOD)
\\ \\ ///
. A . NQ

. 4/ N ..
N [
/ N \
- A . - T - ~_ ‘Q‘
\ . / |
, 90
\
/
y I-7a

fia R AN Wi

el /z/ \

Q ///.» \v

= [~ —t—— -~ Q\
B

- /(\

[

=

w . .! y , « » o~y




NACA TN 2585

26

-O.JN'HB MN-HNH. MD@NHQ Mmﬂm

A

*guoTqIsod opBTq eed) JO0J SoAINO

JUeTPRJIZ 3SNIYL —°Q oanST I

oz % VA 2 C z - Z L Qwﬁr
" VIVN ™
z {B.\l
\ (v8//90/04d putysq , 8/ P34v30/ 3404 AaAam s) \\
/ $A34ans SYOM 404 82V 4uNS 850/9SN] v \\\
o s \\\ o
// \‘ \
/ o \\u \\\
Pan) 7 [ /
/ Y, / . \\\ \ \\\\\ ;
/ / /ﬂ oe \\\‘ \\ \\.\ \
\ <Jgloc- L= T /]
\ / R e ' \\ ro
,/ / #/00 - \\ /] L
\ / \\ ‘\ Ub
\ B /] R
\ — o8I 7 4
\ 0110 | pas
/ N _ d s\\r .
X onZ O] \0& s (€ 304943/84) [OJUBUIUISANT o —= -
N ~~—— 7 ) p3Lo/N2/0) 90
~ 08720’ Lol 02/
e ade-" ELY)
o 407 .
7




W ‘0f 5 0T 0¢> ‘uorarsod SpBIQ YITH FUSTOTJIS0D 92I0F JO UOTFBTIBA -°F 2JINIBTJd
- , 207 |
0ot oee 087 ov o027 09/ ozl - 08 ov O o
mllﬂ"ﬂ"w.\\A“.\|vll.ll.ll ‘
_ L7 — I:/,////
4 \1 | V/
. 2 -
/ N
2/ | N\ )

ol

\ /N/ f v
///, //, \_\ \
,///w// .o.w.\\\ \\ _ g
N2Vl
NS

2/

NACA TN 2585
o




28 NACA TN 2585 .

A
4.4 Vd AN

w0 /T TN

36 . ’ / \\\ i -

ol VT TA DN

/ / ~t “EN 3
’ ’ N ‘\
28 Y Lt L\\ "\ \
// / \ \\\ ’
/ A L )
/ \\ \ \\ \ /

N
®
Y
[
74
N

N
AY
/
LN
?
v
N

20 b o e h =
"/ ) ~IN [ N - 7
/ //(, | \\\‘\‘ ‘ ;Q P d /l
AENVdERNUEAN I/
| N\ 1/

/
26

04 v \H AN

o b "
/ N
¢ N Y
04 0 \\\\ 1/’4
o A Q\ e
0
§§ ~— ‘,/
-08 AN i o
/2 —0 v/ 20 T 20T i T80 Iro Jgo

w?

Figure 10.- Variétion of force coefficient with blade position. k,0.10. ‘

» .



. NACA TN 2585

29
cho Tt T
(3
/0
<
\\\,\aj’
77 =k
. ~ o
/0 "~
O T
N i
RN v
03 AN
~ g
22 - -
1~ ~~
N <
\./0
~d_
Sy
78 7 R0



30 NACA TN

2585

44
40 =
T b o R R N
s Legp=m=------ -
L‘:7_70—"_ o
cw g
32
——l RRCE B S S 2
28 T T NI
24
72 ==
2.0—f=mprm T T
T 1 1--4--b--t 1 L_1_
16 .
’LC J—
‘2 =TT T
'\4&\___\__“__‘_
] —a— 1 a./, 2 and 3.
R -
! == e
—-—-"’--I——-l-_-_-_'r o |
-—t"T
(0]
-4
—-h——---v—-l
-8 -—1- T [ | 11
-{2 | | |

02 04 06 .08 /0 /2 Nz /6

k&

Figure 12.— Variation of force coefficient with k. €

20



‘ NACA TN 2585 | 31
) /6 | '
T~ T~ — € =
\ 1\\\ .
\\ o Z..
~~———_ .
\
10 .
. v \\ /
- -
N [ —_]
S T o
® i
. N
3 3 .
-
“#
2
:NACA;
O . - | —
O O% 08 SL J6 =7

K

roy

Figure 13.— Variation of force coefficient with k and with e—>.

. / (¢ < 0.1).

G.Po




uoj3urysem ‘VOVN wodj ajqeuteiqo sardo)

. *S90.J10J 93e)s-4pea)s ay3 LJIpow prnom
YOIYM SJIOJOB] SUTWIISP 0} 9qissod Sem 1 yorys
WOJJ P2IapPISU0d Uy} Sem mo7y Terjuazod arqrssaad
~wooul Supyesind ut sTropITe JuIR[[10S0 JOo £I09Y} V
‘uorN[oAdx suo Suranp sapelq xarpdoxd ayy jo suory
-150d 9perq [BI9ASS JE A[IAISSIOONS PIISTXO SUOTIIP
-uo0d 9Je)S-Apeals y3noy) SE 9peW ISIIJ SI9M SOTISTII)
-JrIeYd [I0JIIR BIqIssordwod Suisn suonenoTed dinsg
*mef 30 yoyd uy saarradoad uo S89103 8y} Jo apnjIu
-8ewr oy} Suturwiajep Jo wdTqoxd 3y} o3 sTIoyate Surier
~-{1950 Jo Ax09Y] 8y} pue A109Yy} xaf[edoxd Sursixe Jo
Amqesrrdde ay) 2UTW ISP O} dPEUI SBM SISATRUR UY

uoj3uryse M ‘VOVN uodj sarqeuteiqo satdo)d

*S90J10] 9)e)S-4Apea)s ayj AJIpowr p[nom

YOTYA SJIOJOBJ SUTWIIIBP 0) a1qissod sem 1 yorysm
WOJIJ PaI3pISU0d uay) SeM MoTJ Terjuajod arqissaad
-woouy Supyesind ur sTrojare SurjBIII9so Jo L1093y} vV
*UOIIN[0AdI duo Surinp sopeiq Ja1edoad ay} jo suor}
-1s0d 9peq [BJISA9S }B A[SAISSODINS PIISIXd SUOIIIP
-u0d 9)e)S-4Apeals YSnoyj Sk opeW JSIYJ I9M SO1ISTId)
-JrXBYD [I0JaTe 91qissaxdwoo Juisn suorjenored duiis
‘med 3o yojud ur saafradoad uo S82I0F ay3 JO Iapnju
-8ew 9y} SutuTiIalep jo weiqoid sy} o) STIoJIIE Surje]
-110s0 yo Axo9ay) ayj pue Axoay) za1adoxd 3ursixs jo
Lmigeoiidde ay) SUIIISISP 0) SpEW SBM SISAJRUER Uy

92381 WY VOVN °Al (923181 WY ATrowaod °g8gz NI VOVN) 9Z318T WY VOVN "Al (92381 WY Ar1owrIod *G86Z NI VOVN)

6862 NI VOVN ‘MI ‘safeip *dgg  "gGel Alenuef -If ‘UBWI[ID) UBSf pUE 686% NIL VOVN 'III sadep *dgg °gGET Arenugf “If ‘UBW(ID) ueSL PUE

*If ‘ueaf ‘vewld °TI I9[811D T UYof "MVX ¥O HOLId NI HATTAJOHd tIf ‘ueaf ‘wewin I J9[31D I uyof °*MVA ¥O0 HOLId NI HHTT1Hd0dd

T uyor ‘x01814D 1 VYV NO SHOHOA DINVNAJOYHV 40 NOLLVIANDIVO T uyof ‘291814 I V NO SHDYOA4 DINVNAJOHHY 40 NOILLVINOIVD

6°2°6°1) Mmex *SOIINBUOIIY JOJ 99))TWIIOY) AIOSIAPY [BUOIIEN 62°9°1) Mex *SOTINBUOIIY JI0J 391} WO AJIOSIAPY [BUOIIEN
_ pue yajid - saoqedord °t G862 NL VOVN pue yond - siafedord Y G8G6Z NI VOVN '
4 , _-H-_ uojBuTysem ‘VOVN WoI] s[qeureiqo sardod _-BE uojdurysem ‘VOVN woaj srqeureiqo satdo)d _

*S90J0J 9jeIS~Apeals oy} AJIpowl prnos *S30.10] 93e)S~-ApEI)S ayj AJIpouI prnoA

YOIYMA SIO0JOBJ SUTWIIBP 0} IqIssod sem 1 yoys YOTUA SIO0}OB] SUIWIIISP 0) dqIssod sem 1 Yorym

TIOJX] PRISPISUCD USY) SeM MOT Tenjuajod arqissaad WOIY PAIIPISUOD UIY) SEM MOTY Terjuajod arqrssaad

-woour Supyesind uy sTI0LITE SUTIR[[I9SO JO £I09Y)} Y -woour Supyesnd ug stroyIre SurjeiTIoso Jo A1oayl vV

*UOTIN[OASX 3uo 3urinp sapelq Jariadoad ay} jo suoy *uopIN[oARX 8uo Suranp sapeiq Ja[[edoad ayy Jo suon}

-1s0d apejq [BIoASS Je A[9AISS9IINS PIISIXa SUONIIP -150d ape[q TBJI3A3S }B A[SAISSIIINS PIISIXd SUOIHP

-U0d 9)e)S-£PEaIS Y3noyj S 9pewW }S.J1] 9J9M SIIISTI9} -uo0d 3je)s-Apea)s y3noy} Sk dpEUI JSJII] 9I9M SOTISTId]

-ovIRYD TI0JIIE A1qISsoxdwod Sursn suorjemnored dins -JBIBYD TI0JITE a1qIssaxdwod Sursn suorjenored drxis

*mek 10 yojud ur saarradoxd uo $92I0F Y} JO IpnIIU mek xo yond uy saarradoad uo s90.103 9y} Jo apnjtu

-3ew ayj Sururwirajap Jo waqoad syj 03 STIOJIIR Surjey -Jewr ay} Jururmaajap jJo watqoxd 8y) o0} STIojIIe 3uije]

-110s0 Jo Aioa} 2y} pue Aroay) xarredoxd Surnysixs jo -T1oso Jo Axoay) ayj} pue Lxoay} xajradoxd Surysixs jo

Ariqeoridde 9y} QUTUIIIIAP O} SPEW SeA SISA[eue uy Anriqedridde ayj suiwII9)9p 0} 9PEW SBA SISA[RUE UY

92381 WM VOVN "Al (923181 WY Arremaod *68eZ NI VOVN) 923871 WY VOVN "Al (92381 WY Arrewaod °G86Z NI VOVN)

G86Z N.L VOVN ‘I -safelp ‘dgg -gGeT Arenuef If ‘UBWIIY) UBSf puB G8GZ% NI VOVN °III ‘sa8erp *dgg °ZG6T Axenuef ‘If ‘uewid) ueaf pue

“If ‘uesf ‘Uewnid I I9191a) ~1 uyof "MVX MO HOLId NI 4 TIIJO¥d *af ‘uesf ‘uBwI[I) ‘I I9[31aD "I WOl ‘MVX ¥O0 HOLId NI HFTTIJdOYd

T uyop ‘I91811D ‘1 V NO STDHOJd JQINVNAOUHAY 40 NOILLVINDIVD 1 uyogr ‘1318110 I V NO SHDY04 DINVNAJOUAV 40 NOILVINDTIVDO

62°¢°1) aex *SOIINBUOCIIY JOJ 39)3 IO AIOSTAPY TeuoijeN 6°2°6°1) Maex *SOTINBUOIBY 10} 993}TUUIO)) AIOSIAPY [BUOIIEN

T $892 N.L VOVN pue yojig - ssqedord ‘I

pue youd - sIaedoad

& *

G8G6¢ NL VOVN



